Abstract-High voltage insulators in electric power transmission and distribution must withstand extreme weather conditions like rain or snow without long-term degradation. An increasing amount of outdoor composite insulators uses silicone rubber due to the various advantages over glass and ceramic. One difficulty is the presence of water droplets residing on the hydrophobic silicone rubber surface of insulators, which locally alter the electric field. Specifically, the electric field is strongly enhanced at the three phase contact line, which can lead to electrical partial discharges and affect the aging of the insulator's surface. The present contribution investigates the behavior of sessile water droplets exposed to strong electric fields with a highspeed camera. Electrically charged and uncharged droplets are generated under well-defined conditions and placed on a generic insulator model. The oscillation frequency of the droplet in resonance mode is investigated in detail with respect to the amount of charge, droplet volume, frequency of the electric field as well as the electric field strength. Significant changes in drop behavior are observed depending on the charge and the electric field strength. A regime map based on the experimental data as well as a mathematical model is developed to quantify the necessary conditions for the change of behavior. The performed experiments improve the understanding of droplets in electric fields as well as the ageing process of high voltage insulators.
I. INTRODUCTION
A reliable and efficient power transmission and distribution requires well designed equipment. In high voltage applications one of the most important equipment are high-voltage insulators. These insulators are stressed electrically as well as environmentally. More and more modern insulators are composite insulators, due to their advantages in comparison to glass and ceramic insulators [1] . They are manufactured using a glass-fibre rod, which is covered with silicone rubber in the form of weather sheds. The most important advantage compared to conventional insulators is the hydrophobic surface of the silicone rubber that prevents the formation of a liquid layer on the surface. A liquid layer of water increases surface conductivity, might cause creeping currents and, therefore decreases the efficiency. Instead, only single sessile droplets are formed, which might roll off the surface, so that the surface is only partially wetted. Although the formation of single sessile droplets is an advantage regarding wettability and formation of conductive layers, it is also a disadvantage because electrically critical points are formed by the sessile droplets. Due to the different permittivites of air, water and silicone rubber the electric field is enhanced directly at the three-phase contact line and can lead to partial discharges, which accelerate the ageing of the insulators. The occurrence of partial discharges depends on several influencing factors like surface wetting, contact angle, electric field strength as well as (eventually) droplet motion. In the past the motion of droplets due to electric fields was investigated by several authors. The main focus of the studies reported in literature is the behavior of (assumedly) uncharged droplets under different field orientations. Many researchers have investigated the behavior under normally [2] , [3] as well as tangentially [4] , [5] aligned electric fields and determined the characteristic modes for the resonance frequencies depending on the droplet volume [4] . Furthermore, the interaction between the silicone rubber surface, which has a high affinity to accumlate charges, and the droplet was investigated. It was shown that a charge transfer between the surface and the droplet is possible [6] . In addition, the behavior of free electrically charged droplets was investigated theoretically [7] as well as experimentally [8] . Nevertheless, the influence of electric charge on the droplet motion of sessile droplets under the impact of electric fields was not investigated in detail, although the insulators are exposed to charged raindrops [9] , [10] , which might build up charges on the silicone rubber surface [6] . Even experiments in the laboratory are influenced by unwanted electric charges because droplets might be charged by using conventional pipettes [11] . Hence, experiments performed in the past may have unintendendly used charged droplets and might have to be interpreted differently. Especially, in high voltage industry the role of charges have been underestimated in the past, even 978-1-7281-1718-8/19/$31.00 ©2019 IEEE though the behavior of charged droplets is very important and significantly different from that of uncharged droplets as has been shown by other applications like e.g. spray painting [12] , powder production [13] , atomization of droplets [14] and electro-spinning [15] .
In this contribution the motion of electrically charged and uncharged sessile droplets in strong electric fields is investigated experimentally by varying the droplet volume, the charge of the droplet as well as the electric field strength. The experimental investigation focuses on the behavior of droplets in second resonance mode (which corresponds to n = 3 using the resonance equation of free droplets [4] , [16] ) and is given by:
where γ is the surface tension, V is the droplet volume and ρ is the density of the fluid. It is shown that the interaction of charge as well as electric field strength do have an influence on the droplet motion and the oscillation frequency of the droplet. Therefore, the performed experiments improve the understanding of the droplet behavior under the influence of electric fields.
II. EXPERIMENTAL SETUP
The experiments are performed on a generic insulator model. A cuboid made out of a typical silicone rubber for outdoor insulation (Wacker Powersil 600) is used as specimen. Two brass electrodes are embedded into the silicone rubber and generate a tangentially aligned electric field on the surface. The geometry of the specimen is shown in Fig. 1 . The applied voltage is measured by a voltage divider (Hilo HVT 40 RCR) with an uncertainty of the transfer ratio of ±1 % and is used to calculate the electric field strength using numerical simulations. The droplets are placed on the center of the specimen's surface using an automated syringe. A needle with a diameter of d = 0.7 mm is used and grounded to produce uncharged droplets. Therefore, the droplet volume can be controlled very precisely up to ΔV = 2 % of the desired volume and the charge is less than |Q| = 5.5 pC in case of uncharged droplets. The droplets are produced using deionized water (Millipore Milli-Q Type 1) with an electrical conductivity of 5.5 · 10 −6 S/m at 25
• C. The motion of the droplet is captured by a high-speed camera and shadowgraphy with up to 6000 frames per second (fps) to cover all relevant frequencies. Afterwards, the captured motion is analyzed by an in-house Matlab code, which detects the shape of the droplet and analyzes the motion of the droplet using the motion in xand y-direction, change of surface area and the contact angle.
A. Generation of charged droplets
To generate charged droplets the mechanism of charge separation similar to [17] is used. The setup shown in Fig. 2 consists of two plate electrodes. A needle is connected to the upper electrode, which is connected to high voltage. The lower electrode is grounded so that an electric field is generated between both plates. Water is forced to flow through the needle by the automated syringe with a constant flow rate. Due to the electric field the water molecules and ions inside the water are aligned with the field. As soon as the droplet detaches from the needle it is charged by charge separation. The charge of the droplet depends on the droplet volume, the geometry of the droplet charger as well as the applied voltage. For the performed experiments voltages up to 2 kV are applied to the droplet charger, which results in a charge up to Q ≈ 5.5 nC. The charged droplet falls through a hole in the lower electrode directly onto the surface of the specimen. 
B. Charge measurement
For the generation of well-defined charged droplets, the charge of the droplets has to be measured with high accuracy. A Faraday cup is used to measure the charge of individual droplets similar to [11] , [17] . The Faraday cup is connected to an electrometer (Keithley 6514), which directly measures the charge inside the cup. Thus, a calibration of the droplet charger is performed to determine the generated charge on the droplet depending on the applied voltage to the droplet charger to ensure a measurement with high accuracy. The complete setup is calibrated by measuring a well-known charge generated by a calibrator (Kistler 5357B). Hence, the charge is measured with an uncertainty of ΔQ < 0.06 nC for the desired range. As shown in Fig. 3 the generated charge of the droplet has a quadratic dependence on the voltage applied to the droplet charger and can be generated and reproduced with high accuracy. 
III. THEORY
An uncharged water droplet under the influence of an electric field is affected by the Maxwell stress σ ij , which is defined as
where i, j define the direction of the force, ε 0 is the vacuum permittivity, E is the field strength (if so in direction i or j) and δ ij is the Kronecker delta. As indicated by equation (2) the force caused by the Maxwell stress is proportional to the squared of the field strength |F | ∝ E 2 . Assuming a sinusoidal voltage it is expected that the droplet oscillates with two times the frequency of the applied voltage. Net charges of the droplet lead to an additional force F c
which is named Coulomb force and describes the force due to charges Q inside an electric field with the field strength (amplitude)Ê. In contrast to equation (2) the force due to net charges is directly proportional to the electric field |F | ∝ E and, therefore to the applied voltage. The droplet is expected to oscillate with the same frequency as the applied voltage. In general, both forces are acting on the droplet simultaneously, because of small net charges inside the droplet. Consequently, the behavior of the droplet is defined by the amount of charge as well as the electric field strength. Fig. 4 shows the principle of both forces acting on the droplet as well as the two possible regimes depending on the droplet's charge as well as the field strength. Regime I is given by a dominant Coulomb force and causes the frequency of the droplet f D to be equal to the frequency of the applied voltage f AC . This behavior is given until a certain field strength is reached, which is indicated by the vertical dotted line. For higher field strength regime II is reached, whereby the frequency of the droplet is doubled. It is worth noticeable that the characteristic field strength for the change is depending on the charge of the droplet.
Norm of force

|F |
Norm of electrical field strength |E| Coulomb force Maxwell stress Fig. 4 . Principle of forces acting on the droplet depending on the droplet's charge and the electric field strength.
IV. EXPERIMENTAL RESULTS
The behavior of droplets depend on the electric charge as well as the electric field strength. Therefore, different experiments with constant droplet volume, varying droplet charge and electric field strength are performed. The droplet volume is kept constant, while the droplet is charged between 0 and Q = 2.72 nC. For every specific charge three different electric field strengths are tested to verify the interaction between the charge and the electric field. Overall four droplet volumes are tested between 20 μl and 80 μl. Fig. 5 exemplarily shows the behavior of a 60 μl droplet for different charges and different electric field strength. The dimensionless frequency ratio is shown in dependence of the electric charge, droplet size as well as electric field strength. The dimensionless frequency f D /f AC is defined by the measured frequency of the droplet f D and the frequency of the electric field f AC . The behavior is characterized by the dimensionless ratio ξ of the charge and the electric field strength
where d is the equivalent diameter of a spherical droplet of the same volume. The behavior of droplets with a charge lower than Q = 1.29 nC is not affected by charges, so that the droplet always oscillates with double the frequency. An increase of the charge shows that the droplet's behavior is changed for a low electric field strength and, hence for a large value of ξ. The higher the charge of the droplet the higher is the electric field strength, necessary to cause the droplet to oscillate with double the frequency. For a droplet with a volume of V = 60 μl the change is given by ξ = 18.47. It is worth noticeable that the shown frequency change is not always defined by a fixed value as shown in Fig. 5 . In most cases the change is given by a transition regime. For increasing droplet volumes the amount of charge, which is necessary to change the droplet behavior, increases. Fig. 6 shows the dependence of the onset charge of the droplet on the droplet volume. In regime I the droplet oscillates with the same frequency as the electric field and in regime II with the doubled frequency. The data is fitted with a quadratic function using least absolute residuals (LAR), which leads to
So the onset charge for change of the behavior increases quadratically with increasing volume, which also correlates to the cubic dependence of the surface area on the onset charge Q ∝ A 3 determined from the experimental data. For large droplet volumes V > 80 μl the amount of charge to change the behavior is increasing rapidly. Simultaneously, the amount of charge of a droplet is limited by the Rayleigh limit [7] , which leads to a maximum droplet volume for changing the behavior. The upper limit is shown by a dashed curve in Fig. 6 . The lower the droplet volume, the lower is the inception charge for the change of behavior. Therefore, small droplets are more likely to be affected by charges. Comparing this result to the theory provided in section III, using the assumptions of a hemispherical droplet, shows that the charge should depend on the volume by Q ∝ V 2/3 , so that possibly additional influencing parameters affect the onset of frequency change. The performed experiments show that the shape of the droplet usually is not hemispherical due to the charge of the droplet and the wettability of the surface.
A. Inception of changed behavior
To characterize the general behavior of charged droplets depending on the their volume, the dimensionless number ξ was introduced, which contains the charge, the size as well as the electric field strength. Fig. 7 shows the onset value of ξ for the change of the droplet behavior depending on the tested droplet volumes. Regime I contains droplet oscillations with single and regime II with double the frequency. An increasing droplet volume leads to larger values of ξ, which indicates increased charges for constant electric fields or constant electric charges for increased electric fields. A force balance between the maximum Maxwell force F = ε 0Ê 2 A/2 using the surface area of a volume equivalent hemisphere A = πd 2 /2 and the Coulomb force leads to the following condition for regime I:
where F(V ) is a function depending on the volume, which takes into account the actual shape of the droplet. The derived criterion includes the assumption sin(ωt) = 1, so that the Coulomb force is always larger than the Maxwell force at any time. The result is in good agreement with the provided theory and only depends on the function F(V ), which might be also influenced by other factors like the surface properties or conductivity of the droplet. Due to the electric field, the shape of the droplet is not hemispherical as assumed. Taking into account the experimental data, the function F(V ) is determined by fitting the data with a quadratic polynomial function using least absolute residuals (LAR) by:
For small volumes the value of ξ increases rapidly, but the gradient decreases with increasing volume. For a droplet volume of 80 μl the onset value of ξ reaches its maximum.
Comparing the onset value between 60 μl and 80 μl it seems that ξ is almost constant for large droplet volumes as it indicates a saturation. Due to the fact, that in most cases the change of the frequency is not given by a strict border but as an intermediate regime, the used fit defines the transition from regime I to regime II. Nevertheless, the measurement data is in good agreement with the transition even if it has to be interpreted as a transition regime. As shown in Fig. 6 the amount of charge for a change of the behavior increases rapidly with the volume and is limited by the Rayleigh limit. Consequently, the value of ξ is limited by the charge as well as the actual electric field strength and is defined by ξ max = 2π 2γ
which is shown as a dashed curve in Fig. 7 , exemplarily for a field strength of E = 5.5 kV/cm. Therefore, the size of regime I is depending on the electrical field strength. An increasing field strength yields a smaller ξ max (V ) and decreases the size of regime I. Especially, for large droplet volumes regime I can become very narrow. Hence, an increase of the electric field strength for a fixed charge (which is given by the Rayleigh limit as maximum) can force a transition from regime I to regime II or prohibit the change of behavior due to charge for large droplets. This transition was also observed in the performed experiments by increasing the electric field strength. 
V. CONCLUSIONS
Electrical charges influence the behavior of water droplets under the impact of electric fields, although the influence of charge is typically not taken into account in literature. Uncharged droplets are forced to oscillate in alternating electric fields with double the frequency of the applied field. Charging a droplet can lead to a frequency change such that the droplet oscillates with the same frequency as the electric field. The onset of the change was experimentally determined and depends on the electric charge as well as the electric field strength. It is shown, that the behavior of droplets is significantly changed and can be characterized by two different regimes, which are defined by the charge, the droplet size as well as the electric field strength. Especially, the behavior of small droplets is affect by small amount of charges, which are quite common in many technical applications like micro-fluid devices or for sessile droplets on high voltage insulators. Nevertheless, the behavior of charged droplets, particularly the quadratic dependence of the onset charge on the volume, is still not completely understood or considered in existing models and need further investigation. In addition, previous experimental results from literature might have to be interpreted differently according to the given results. Especially, the ageing of high voltage insulators is clearly influenced by charged droplets due to charged raindrops and polymeric surfaces. Consequently, this investigation increases the understanding of the general behavior of water droplets in electric field and can lead to more accurate results for e.g. predicting the ageing behavior of insulators.
VI. OUTLOOK
The present work has shown the influence of charge on the behavior of sessile droplets for the second resonance mode depending on the electric field strength. Further experiments should investigate the behavior of charged droplets for different resonance modes, especially for asymmetric motions as well as the different influencing factors like surface properties and conductivity of the droplet. In addition, the influence of charge on the inception voltage of partial discharges should be investigated focusing on the influence of the movement and the contact angle on the frequency of occurrence of partial discharges. These results will improve the understanding of the composite insulator ageing under real world conditions.
